Cobalt-mediated C-H functionalization has been the subject of extensive interest in synthetic chemistry, but the mechanisms of many of these reactions (such as the cobalt-catalyzed C-H oxidation) are poorly understood. In this paper, possible mechanisms including single electron transfer (SET) and the concerted metalation-deprotonation (CMD 
Introduction
Transition-metal-catalyzed C-H bond functionalization has attracted widespread attention due to its high efficiency and atom economy.
1 However, most of these transformations have been accomplished with the aid of transition metals such as palladium, 1l,2 rhodium, 3 and ruthenium. 4 Recent improvements in sustainable catalysis have focused on the development of cheaper and naturally abundant rst-row transitionmetal alternatives with comparable catalytic efficacies. 5 Cobalt as a catalyst for C-H bond functionalization has been greatly developed with signicant progress being achieved. 6 For example, electron-rich Co I catalysts have been used in C-H activation/coupling reactions with alkynes, olens, imines, alkyl/aryl halides, and phenol derivatives. also discovered by several groups as effective catalysts with which to activate C-H bonds for addition to unsaturated compounds (imines, enones, and aldehydes) and amidation, cyanation, allylation, and halogenations. 7 Additionally, Daugulis reported a new method for Co II -catalyzed C-H bond alkenylation, in which aminoquinoline is utilized as a directing group.
8
The formation of C-O bonds is more difficult than C-C bond generation by C-H activation, especially when alcohols are used as alkoxylation reagents 9 and alkoxyl metal intermediates are prone to undergo b-hydride elimination to form the corresponding aldehydes, ketones, or carboxylic acids.
10 So far, most of the cases that involve transition-metal-catalyzed C-H activation are focused on palladium catalysts 11 but a few reports on copper catalyzed systems have also been disclosed.
12 A Cucatalyzed alkoxylation of arenes under basic and aerobic conditions (Scheme 1a) was also developed in this laboratory. 13 Recently, we reported the rst Co II -catalyzed alkoxylation of C(sp 2 )-H bonds under basic and oxidizing conditions (Scheme 1b).
14 Due to the similarity between cobalt-and coppercatalyzed C-H functionalization, it might be expected that these reactions share a similar reaction mechanism, particularly in the early steps.
For the Cu catalyzed reaction shown in Scheme 1a, a high kinetic isotope effect (KIE ¼ 2.5) is observed, indicating that the C-H bond cleavage is the rate-determining step. It is generally accepted that the C-H bond is activated via a concerted metalation-deprotonation (CMD) mechanism.
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The similarity between the starting materials and reaction conditions depicted in Scheme 1a and b may imply a similar reaction mechanism for the two reactions but, unexpectedly, a preliminary mechanistic study of the Co II catalytic reaction depicted in Scheme 1b revealed that KIE z 1, indicating that the C-H bond cleavage does not proceed by the same mechanism as the Cu catalyzed reaction. This phenomenon is similar to the Cu II -catalyzed example reported by Yu's group (Scheme 1c), 16 in which an intramolecular single electron transfer (SET) route, not the CMD route, was invoked. The similarity of the KIE results implies that our Co II -catalyzed system may also follow the SET mechanism. Stahl et al. observed a switch between SET-based and CMD-based pathways upon changing from acidic to basic reaction conditions in Cu II -mediated aerobic C-H oxidation, in which a KIE is observed aer the system is made alkaline. 17 Consequently, a comparative study on both the SET-based and CMD-based routes is necessary to determine the detailed reaction mechanism of the Co II -catalyzed alkoxylation. Despite the great progress that has been made in understanding cobalt catalysis, the detailed reaction mechanisms for these reactions remain poorly understood. 
and we believe AgOMe may be the actual oxidant in this reaction. This is supported by our observation that AgOTf can also work as the oxidant. 14 The calculations were performed at the M06-L level of density functional theory (DFT), 21 incorporating solvation effects via the appropriate SMD continuum solvation model.
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Results and discussion produces the product P. The energy barriers for transition states TS2 and TS3 in the CMD pathway are 28.0 and 20.4 kcal mol À1 (Scheme 4), respectively. Apparently, the C-H activation step associated with TS2 is rate-determining, which is not consistent with the previous KIE (z1.0) results and experimental electron spin resonance (ESR) results. Thus, we can conclude that the CMD mechanism will not be the favorable pathway.
14 In addition, the energy difference between the lowest and the highest stationary points in the energy prole is 34.4 kcal mol À1 , indicating that this pathway is quite unlikely and it is unnecessary to explore the details aer transition state TS3. We assumed that the SET may occur in this reaction pathway, and the details of this SET process are discussed in the next section.
With the exception of the SET step, the Gibbs free energy barriers of the rst and third steps in pathway 1 are only 3.6 and 19.8 kcal mol À1 (Scheme 5), respectively. However, the energy barrier of transition state TS6 for C-H bond breaking is extremely high (68.1 kcal mol À1 ), suggesting that pathway 2 is not energetically favorable.
As shown in Scheme 6, pathway 3 consists of three reaction steps. The rst is the intramolecular SET step for INT2. Here, we also assumed that the SET can occur in this reaction pathway. The OMe group can also be transferred directly from AgOMe to INT2 via transition state TS7. The last step is a direct proton transfer process via transition state TS8. The energy barrier of the second step is only 14.9 kcal mol À1 , but the energy barrier for the proton transfer is as high as 46.8 kcal mol À1 , indicating that pathway 3 is unlikely to occur under the experimental conditions. According to the free energy proles shown in Schemes 5 and 6, the two intramolecular SET pathways will not occur even if it is assumed that the SET process in INT2 and INT7 can take place. In an effort to nd out whether the intramolecular SET can really happen, we performed time-dependent density functional theory (TD-DFT) calculations to evaluate the transition energy from the ground-state (GS) to the lowest excited state (ES). As shown in Fig. 1 and 2 , the lowest-energy internal SET product arises from transfer of a a-spin electron from the olen p electrons, the singly occupied orbital in INT2/INT7, to the lowest unoccupied orbital of the Co. The excitation energies for the transitions are 37. 2 (1 equiv.) under an air atmosphere (Scheme 13), the desired ethoxylated product 3aa was obtained in a good yield. Diversely substituted amides were tolerated under the Cp*Co(CO)I 2 -catalyzed alkoxylation to furnish the desired products (3) in moderate to good yields (Scheme 14). The aryl substrates possessing electron-rich and electron-decient functional groups underwent the transformation successfully (3aa-3ka). For meta-substituted amides (1g, 1h), the reaction tended to take place at the less hindered position and an iodo group on the aryl ring was also compatible. The heterocyclic substrate (1k) afforded the corresponding ethoxylated product in 63% yield. Several alcohols were tested and demonstrated to give the products in yields ranging from 48-85% (3ab-3ae). Olenic carboxamides were also found to follow the protocol under the reaction conditions (3la-3oa).
In addition, control experiments revealed that the addition of 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO, 1.5 equiv.) as a radical quencher completely inhibits the reaction (Scheme 15a). This result indicates that a radical pathway (SET mechanism) is involved. A 1 : 1 mixture of 1a and [D5]-1a was then treated with ethanol. No kinetic isotope effect (KIE ¼ 1.0) was obtained (Scheme 15b), suggesting that C-H bond cleavage of arenes is not the rate-limiting step, in agreement with our calculated results. Additionally, the electron paramagnetic resonance (EPR) spectrum of the reaction system demonstrated the existence of the single electron (g ¼ 2.23003, see the ESI †). The above experiments can be explained by our computational study, which they support.
We have performed a theoretical study on the mechanism of Cp*Co III complex catalyzed C-H activation. As shown in Scheme 16, it is very similar to the favorable pathway 5 catalyzed by the Co III complex, and the SET process is still the rate-determining step based on the energy prole, which is also in agreement with the KIE and EPR experiments. Based on the above computational and experimental results, we can propose the general mechanism for not only the Co II -but also the Co 
Computational and experimental details
All of the calculations were performed using Gaussian 09.
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Computed structures are illustrated using CYLView. 24 The density functional theory (DFT) method was applied since it has been successfully used in many studies of organocatalysis, 25 organometallic catalysis, 26 and biological reaction mechanisms. 27 The density functional theory calculations were carried out with the M06-L functional in the presence of the SMD continuum solvation model with methanol (or ethanol) as the solvent. All the structures were completely optimized using a combined basis set: the LanL2DZ basis set 28 was used for Co, I, and Ag along with the 6-31G(d, p) basis set for C, N, H, and O. The frequency calculations were performed at the same level at 298 K and 1 atm, and vibrational analysis was performed to conrm the optimized stationary points as true minima with no imaginary frequency, or transition states with one and only one imaginary frequency, on the potential energy surface and to obtain the thermodynamic data. On the basis of the optimized structures at the M06-L/6-31G(d, p)//LanL2DZ level, the energies were then rened by M06-L/6-311++G(2df, 2pd)//SDD 29 singlepoint calculations with the same solvent effects. We checked the S 2 values of all the stationary points obtained above, and found that all the differences between the obtained S 2 value and the normal S 2 value are less than 7.5%, so spin contamination can safely be ignored. We chose to conduct discussions based on Gibbs free energies rather than Born-Oppenheimer energies, which are the electronic (including nuclear-repulsion) energies plus ZPEs. Free energy contributions were added to single-point M06-L electronic energies computed with the SDD basis set on Co, I, and Ag and the 6-311++G(2df, 2pd) basis set on all other atoms to arrive at nal, composite free energies.
TD-DFT calculations were performed to predict the UV/ visible electronic excitations of postulated intermediates. The M06-L density functional, the LanL2DZ pseudopotential basis set on Co, I, and Ag, and the 6-311++G(2df, 2pd) basis set on all other atoms were used for the TD-DFT calculations in methanol with the SMD continuum solvation model. 32, 33 indicating that the M06-L method is suitable for the Co complexes. Then, TD-DFT calculations based on the optimized structures have been carried out at the M06-L(SMD, water)/6-311++G(2df, 2pd)//LanL2DZ, M06-L(SMD, chloroform)/6-311++G(2df, 2pd)//LanL2DZ, and M06-L(SMD, dichloromethane)/6-311++G(2df, 2pd)//LanL2DZ levels, respectively. As summarized in Table 1 , the computational l max values for the three Co complexes are close to those reported in experiments, [31] [32] [33] which demonstrates that the results of TD-DFT calculations should be reliable.
We have calculated and compared the free energy DG tot and the DG 50% (the entropy is cut by 50%) proles of the favorable reaction pathway (pathway 5). As shown in Schemes 10 and 19, although a computational error does exist in the entropy calculation for a multimolecular reaction step (such as a SET process), the calculated results can still predict exactly that the SET process is the rate-determining step, which is in agreement with the KIE experiment. Therefore, we think that the calculated results can reliably explain the experimental results.
Recently, Singleton et al. investigated the mechanism of alcohol-mediated Morita-Baylis-Hillman (MBH) reactions using the most popular DFT methods, i.e. B3LYP and M06-2X.
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They found that the calculated results by the two methods are remarkably different, and the rate-determining step cannot be predicted correctly by using the M06-2X method, so they concluded that the computations aid in interpreting observations but fail utterly as a replacement for experiment. In this work, similar computational tests to Singleton have been performed for the key C-H activation in the favorable reaction pathway (pathway 5) by using B3LYP and M06-L methods. As summarized in Table 2 , the calculated results indicate that the free energy barriers DDG tot , DDG 50% , and DDG explicit (calculated in the explicit solvents without implicit model) are close and the free energy barriers obtained by the different DFT methods are not signicantly different, which is remarkably different from Singleton's work. As mentioned above, we believe that the computational errors in this system are not very signicant and the calculated results using the M06-L method are consistent with experiment. In addition, multiple pathways involving explicit methanol for this kind of reaction 35 are considered in both implicit and explicit models, but the H atom of HOMe returns automatically when we try to locate the possible structures of the transition states TS19, TS20, TS21, and intermediate INT27 (depicted in Scheme S1 of the ESI †), which is mainly because the basicity of OMe À is stronger than that of OAc À , so we did not further explore details of these pathways. The M06-L method has been successfully used in the theoretical report on the mechanism of transition-metal catalyzed C-H oxidation, 17 and the above computational tests also indicate that it should be suitable for investigating the systems including Co complexes.
Alcohol (1.2 mL) was added to a mixture of amide (0.15 mmol), Ag 2 O (69 mg, 0.3 mmol, 2 equiv.), NaOAc (12 mg, 0.15 mmol, 1 equiv.), Cp*Co(CO)I 2 (14 mg, 20 mol%). Then, the reaction system was stirred at 70 C for 12 h under an air atmosphere. Aer cooling to RT, the alcohol was evaporated under reduced pressure, and 2 N HCl (5 mL) was added to the residue. The mixture was extracted with CH 2 Cl 2 and the organic layer was dried over anhydrous Na 2 SO 4 . Purication of the residue gave the product 3.
